1. Introduction {#sec1}
===============

RSV is the most common cause of bronchiolitis and pneumonia in infants and young children ([@bib8], [@bib12]). There are no licensed RSV vaccines. The recommended treatment for RSV bronchiolitis is respiratory support and hydration of the patients ([@bib23]). Palivizumab is used prophylactically exclusively for high-risk infants. Unfortunately, its use is limited to patients in developed countries due to its extremely high cost and logistics of injections ([@bib12], [@bib23], [@bib14]). Ribavirin is also utilized as a treatment against RSV infections in high-risk young children, but is not very efficient and induces severe adverse effects ([@bib12], [@bib21]).

Better animal models for the study of RSV pathogenesis can arise from the use of other pneumoviruses matched to their associated hosts, providing a more accurate representation of natural infection and disease ([@bib12]). Pneumonia virus of mice (PVM) has been considered a potential model of RSV infection ([@bib30]). PVM is closely related to RSV as both belong to the same viral family and subfamily and induce similar disorders in their natural hosts ([@bib6], [@bib2]), which makes it a suitable model for the study of RSV-induced inflammation and its contribution to severe respiratory disease outcomes.

We demonstrated that a novel adjuvant platform in combination with the RSV fusion protein induces long-lasting immune responses against RSV in several animal models ([@bib9], [@bib10], [@bib11]). The first component of this formulation is poly(I:C), which promotes Th1 immune responses by inducing high levels of IL-12 and type I IFNs ([@bib32], [@bib26]). The second component is an innate defense regulator (IDR) peptide, which is a derivative of bovine bactenecin and possesses immunomodulatory properties ([@bib19], [@bib31], [@bib13]). Lastly, this adjuvant platform contains poly\[di(sodiumcarboxylatoethylphenoxy)\]-phosphazene (PCEP), a synthetic water-soluble polymer that acts as a delivery system and can modulate innate immune responses ([@bib18], [@bib1]). The combination of poly(I:C), IDR peptide and PCEP (P-I-P) generates an immunomodulator with potential as an alternative strategy to prevent infectious diseases.

In the current study we assessed the potential of P-I-P to protect Balb/c mice against a lethal PVM-15 infection based on clinical disease and viral replication. We also examined the nature of the inflammatory response induced by P-I-P treatment to delineate a possible mechanism of action of this formulation.

2. Materials and methods {#sec2}
========================

2.1. Cell line and virus {#sec2.1}
------------------------

PVM-15 was propagated in Baby Hamster Kidney 21 (BHK-21, ATCC, Manassas, VA, USA) cells in Dulbecco\'s Modified Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) containing 2% fetal bovine serum, 0.1 mM non-essential amino acids, 10 mM HEPES, and 50 μg/mL gentamicin (Thermo Fisher Scientific, Waltham, MA, USA) ([@bib30], [@bib24]).

2.2. Treatment formulations and PVM-15 challenge {#sec2.2}
------------------------------------------------

Five to six week-old female Balb/c mice (Charles River Laboratories, Saint-Constant, QC, Canada) were given 20 μl of phosphate-buffered saline (PBS, Thermo Fisher Scientific) or P-I-P intranasally, and lungs were collected at selected time points. To evaluate the ability of P-I-P to elicit protection from viral infection, mice were given intranasal treatments of PBS or P-I-P, and challenged 1, 3, 4, 5, or 6 days later with 3000 pfu of PVM-15 in 50 μl. The P-I-P formulation contained 20 μg poly(I:C) (Invivogen, San Diego, CA, USA), 40 μg IDR peptide 1002 (Genscript, Piscataway, NJ, USA), and 20 μg PCEP (Idaho National Laboratory, Idaho Falls, ID, USA) in PBS. The 1:2:1 ratio of the P-I-P formulation is optimal when used as an adjuvant ([@bib16]). A full description of treatment groups in the experiments is provided in [Table S1](#appsec1){ref-type="sec"}.

Five mice per group were scored and weighed daily according to a modified version of *Morton and Griffith\'s* guidelines ([@bib17]). On day 14 post-infection (p.i.), all remaining mice were euthanized, and in some cases, the lungs of surviving mice were collected for further analysis. All animal trials were conducted in accordance with the Canadian Council on Animal Care.

2.3. Collection and processing of lung samples {#sec2.3}
----------------------------------------------

At 6, 24, 96 and 144 h post-treatment (p.t.) or on days 0, 3 and 5 p.i. the single-lobed lung was collected into TRIzol^®^ reagent (Thermo Fisher Scientific) for gene expression studies and the multi-lobed lung was collected for virus titrations and multiplex ELISAs. Both lungs were homogenized using a mini bead-beater (BioSpec Products Inc., Bartlesville, OK, USA), and centrifuged at 4 °C to remove gross debris. Immediately, all samples were aliquoted, flash-frozen in liquid nitrogen and stored at -80 °C.

2.4. Viral titrations and PVM qPCR assays {#sec2.4}
-----------------------------------------

PVM titrations were performed as described previously ([@bib30], [@bib24]). Absolute PVM copy numbers were calculated via quantitative real-time PCR (qPCR) using a 1:5 serial dilution standard curve of stock PVM RNA in nanograms. The primers were specific to the small hydrophobic (SH) gene of the virus. Unknown RNA concentrations were calculated following the equation of the curve, and copy numbers were determined according to Avogadro\'s number and the SH gene amplicon size.

2.5. Chemokine, cytokine and interferon qPCR {#sec2.5}
--------------------------------------------

Total RNA was extracted from the single-lobed lung in TRIzol^®^ reagent (Thermo Fisher Scientific). Complementary DNA (cDNA) synthesis was performed using the QuantiTect Reverse Transcription kit (Qiagen, Venlo, Limburg, Netherlands). qPCR was carried out using FastStart SYBR Green Master (Roche, Basel, Switzerland). The primers (Thermo Fisher Scientific) and annealing temperatures used in the experiments are listed in [Table S2](#appsec1){ref-type="sec"}. All results were normalized against the average β-actin levels of the PBS or PBS/Medium control animals.

2.6. Multiplex ELISAs {#sec2.6}
---------------------

Multi-lobed lungs were homogenized in DMEM, aliquoted with 1× SIGMA*FAST*™ Protease Inhibitor solution (Sigma-Aldrich) and flash-frozen on days 0, 3 and 5 p.i. The MSD Multi-Spot V-PLEX assay for the pro-inflammatory panel 1 (TNF-α, IL-1β, IL-6, IL-12, IL-10 and CXCL1) and the MSD Multi-Array Mouse Cytokine Ultra-sensitive Assay for CCL2 were used to quantify cytokine, type II IFN, and chemokine levels in the lungs (Meso Scale Discovery, Rockville, MD, USA).

2.7. Processing of lungs and flow cytometry {#sec2.7}
-------------------------------------------

Lung single-cell suspensions were generated as previously described ([@bib30], [@bib24]). To identify different leukocyte populations, the cells were blocked with TrueStain fcX (Biolegend, San Diego, CA, USA) and stained with their corresponding fluorochrome-conjugated antibody cocktails ([Table S3](#appsec1){ref-type="sec"}). Flow cytometry was performed using a FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA). Analysis of flow cytometry data was performed using Kaluza software (Beckman Coulter Inc., Pasadena, CA, USA).

2.8. Histology {#sec2.8}
--------------

The multi-lobed lung was perfused with 10% neutral buffered formalin (NBF, VWR, Radnor, PA, USA) and collected on day 1 p.t. or day 6 p.i. The perfused lungs were embedded in paraffin, sectioned into duplicate 5 μm sections, stained with hematoxylin and eosin (H&E), and scored in a blinded manner by a veterinary pathologist. Scores were given based on the presence, severity, and distribution of lesions in each lung lobe. A score of 0 denotes a normal lung. Scores 1 through 3 represent signs of mild, moderate, and severe perivascular edema, perivasculitis, and cellular infiltration within the pulmonary parenchyma, respectively.

2.9. Statistical analysis {#sec2.9}
-------------------------

GraphPad Prism 6 was used to analyze all the data (GraphPad Software, Inc., La Jolla, CA, USA). Differences among groups were assessed using Student t-tests, one-way ANOVAs and the Newman-Keuls method for multiple comparisons. Differences were considered significant at P \< 0.05.

3. Results {#sec3}
==========

3.1. P-I-P promotes the expression of pro-inflammatory cytokines and chemokines in the lung milieu {#sec3.1}
--------------------------------------------------------------------------------------------------

Mice were treated intranasally with P-I-P, and at 6, 24, 96 and 144 h p.t., gene and protein expression profiles of selected cytokines and chemokines were monitored. For CXCL10, highest gene expression was detected 6 h p.t, while highest mRNA production for CCL2, CCL3, CXCL1 and CXCL2 was detected at 24 h p.t. ([Fig. 1](#fig1){ref-type="fig"} ). Similarly, highest protein expression for CCL2 and CXCL1 was detected within the first 24 h following P-I-P treatment ([Fig. 2](#fig2){ref-type="fig"} A, B). However, by the 96-hr time point, CCL2 and CXCL1 protein concentrations decreased by 86% and 88%, respectively.Fig. 1Heat map of chemokine and cytokine mRNA expression profiles in the single-lobed lungs of 5--6 week-old female Balb/c mice at 6, 24, 96 and 144 h p.t. with either P-I-P or PBS. Each treatment group contained 20 mice in total, with sampling of 5 animals at each time-point indicated above. All Ct values were normalized against β-actin levels of control animals. Normalized fold-change calculations were performed using the 2^−ΔΔCt^ method. Data are shown as the median of five biological replicates.Fig. 1Fig. 2Protein expression levels of chemokine and cytokine genes in lung homogenates at 6, 24, 96 and 144 h p.t. Mice were given intranasal treatment of PBS or P-I-P and the multi-lobed lungs of 5 mice per group were collected separately for each individual animal at the time points indicated. Protein expression was assayed by electrochemiluminescence-based multiplex ELISAs. Panels A to H represent protein expression data in pg/mL for CCL2, CXCL1, TNF-α, IL-1β, IL-6, total IL-12 (p70), IL-10, and IFN-γ, respectively. Data are shown as individual values representing single animals as well as median with interquartile range of five biological replicates. \*p \< 0.05, \*\*p \< 0.01.Fig. 2

Furthermore, P-I-P treatment induced moderate upregulation of TNF-α, IL-1β, IL-6 and IL-12β mRNA at 6 and 24 h p.t. These levels decreased at later time points ([Fig. 1](#fig1){ref-type="fig"}). Highest protein concentrations for TNF-α, IL-1β, and IL-6 were detected at 6 h p.t. ([Fig. 2](#fig2){ref-type="fig"}C--E), and by 24 h, these amounts significantly decreased, by 90%, 57% and 82%, respectively. At 96 h p.t., the levels of these cytokines further decreased. The IL-12p70 protein concentration was 75 pg/ml at 6 h p.t. During the next two time points, its quantity was significantly reduced by 38% and 90%, respectively ([Fig. 2](#fig2){ref-type="fig"}F).

Interestingly, IL-10 mRNA was moderately upregulated within the first 96 h p.t., and increased to approximately 34-fold at 144 h p.t. ([Fig. 1](#fig1){ref-type="fig"}). Similarly, IL-10 protein concentrations were highest at the 144-hr time-point ([Fig. 2](#fig2){ref-type="fig"}G). The delayed expression of IL-10 can be attributed to its unique role in dampening immune responses *in vivo*.

The highest level of IFN-α mRNA expression was detected at 24 h p.t., but maximal IFN-β mRNA expression occurred at 6 h p.t. IFN-γ mRNA also reached its peak at 6 h p.t and by 24 h p.t., mRNA levels strongly declined ([Fig. 1](#fig1){ref-type="fig"}). Similarly, IFN-γ protein production was highest at 6 h p.t., followed by a significant continuous decrease thereafter ([Fig. 2](#fig2){ref-type="fig"}H).

3.2. P-I-P mediates immune cell infiltration into the lungs of mice without causing toxicity {#sec3.2}
--------------------------------------------------------------------------------------------

The number of alveolar macrophages, dendritic cells (DCs), neutrophils, eosinophils and natural killer (NK) cells in the tissue were quantified. Alveolar macrophage and eosinophil numbers were low and peaked at 96 h p.t. ([Fig. 3](#fig3){ref-type="fig"} A,D), while DC and NK cell counts were increased at 24 h p.t. and remained steady during the 6 days following P-I-P treatment ([Fig. 3](#fig3){ref-type="fig"}B,E). Neutrophil numbers peaked at 24 h p.t. and declined significantly overtime ([Fig. 3](#fig3){ref-type="fig"}C).Fig. 3Effects of P-I-P treatment on cellular recruitment of immune cells and histology of the lung tissue. Mice were given an intranasal treatment of PBS or P-I-P and the lungs of 3 mice per group were collected, pooled, and processed at the time points indicated. Total numbers of alveolar macrophages (A), DCs (B), neutrophils (C), eosinophils (D), and NK cells (E) in the lungs were analyzed by flow cytometry. Results are presented as cell number x 10^4^ per million cells. For histology experiments, five mice per group were treated as previously described and at 24 h p.t., the multi-lobed lung was collected. Panels F & G represent lung histology sections at 10× and 20× magnifications, respectively, for the P-I-P group. Data are shown as the median with interquartile range of three technical replicates per cell type assayed. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.Fig. 3

Considering that the neutrophil number in the lung was higher at 24 h p.t., a histology study was performed to determine if this event lead to lesions or toxicity *in vivo.* At 24 h p.t., a mild form of lymphocytic perivasculitis and peribronchiolitis was observed ([Fig. 3](#fig3){ref-type="fig"}F,G). These lesions were not life-threatening and are suggestive of increased cellular recruitment. It can be concluded that P-I-P induces a controlled inflammatory response that has no impact on the appearance, behaviour or body weight of the animals.

3.3. P-I-P protects adult Balb/c mice against a lethal PVM infection {#sec3.3}
--------------------------------------------------------------------

Subsequently, we examined whether P-I-P pre-treatment might protect Balb/c mice from lethal PVM challenge. We delivered the treatment 24 h prior to virus inoculation as chemokine and cytokine mRNA and protein levels were high yet displaying a more balanced profile than that detected at 6 h p.t. P-I-P-treated animals exhibited minimal weight loss ([Fig. 4](#fig4){ref-type="fig"} B), no overt signs of clinical disease ([Fig. 4](#fig4){ref-type="fig"}D,E), and 100% survival by day 14 p.i. ([Fig. 4](#fig4){ref-type="fig"}C). The P-I-P-treated mice had significantly lower numbers of viable virions and viral mRNA copies in their lungs when compared to the PBS-treated group ([Fig. 5](#fig5){ref-type="fig"} A,B). On day 14 p.i., lung homogenates of survivor mice were PCR-negative for PVM-15 mRNA, suggesting that P-I-P pre-treatment promotes complete clearance of the virus *in vivo* (data not shown).Fig. 4Outline of trial, weight change, clinical and survival scores of P-I-P- or PBS-treated Balb/c mice before and after intranasal PVM challenge. Mice were given intranasal treatment of P-I-P or PBS 24 h prior to challenge with 3000 pfu PVM-15. Animals were weighed and scored before treatment (i.e. day -1), on the day of challenge (i.e. day 0), and for 14 days after infection. Panel A highlights the events occurring in the animal trial. Collection of lung tissue for virus titrations, cell influx and mRNA/protein expression studies was scheduled on days 0 (prior to infection), 3 and 5 p.i. Lung samples for histopathology studies were collected on day 6 p.i. On day 14 p.i., qPCR was performed on survivor mice to determine their PVM status. Panel B illustrates weight loss of mice following P-I-P treatment and PVM infection as a median percentage of the starting weight with error bars indicating the interquartile range. The stars indicate the difference between P-I-P/PVM and PBS/PVM groups. Panel C represents survival rates as the median percentage of the total number of animals per group during the 14 days following infection. Panels D and E show clinical scores for weight loss and appearance represented by the median value for each group throughout the entire animal trial. Each experiment was performed twice, with an average of n = 5, and a total number of animals equal to 10 per group. \*\*p \< 0.01.Fig. 4Fig. 5PVM titers and absolute virus copy numbers in the lungs of P-I-P pre-treated Balb/c mice on days 0 (prior to infection), 3 and 5 p.i. The multi-lobed lung was homogenized in DMEM and used for virus titrations. Panel A shows the log of PVM titers in the lung tissue expressed in pfu/g. The single-lobed lung was processed in TRIzol and used for qPCR. Panel B shows the log of absolute PVM mRNA copy numbers, which were determined as described in the Materials and Methods section. Data are represented as the median with interquartile range of five biological replicates per group. Each experiment was repeated twice. \*p \< 0.05, \*\*p \< 0.01.Fig. 5

3.4. P-I-P reduces the severity and magnitude of lung lesions in the lungs of Balb/c mice lethally infected with PVM {#sec3.4}
--------------------------------------------------------------------------------------------------------------------

The lung pathology induced by PVM infection in P-I-P- and PBS-treated mice was examined in a subsequent trial. The lungs of the P-I-P/PVM group showed peribronchiolitis and perivasculitis; lymphocytic, multifocal, subacute to chronic. This indicates a mild reaction and chronicity with no indication of functional problems ([Fig. 6](#fig6){ref-type="fig"} C,D). In contrast, the PBS/PVM group had signs of perivascular edema, perivasculitis, and limited cellular infiltration within the pulmonary parenchyma. This is an acute severe reaction indicating pulmonary damage and functional problems ([Fig. 6](#fig6){ref-type="fig"}E--G). It can be noted that a large portion of the infiltrating cells are polymorphonuclear leukocytes (PMNs), mostly in the form of neutrophil granulocytes ([Fig. 6](#fig6){ref-type="fig"}F,G). There was a statistically significant difference in lung pathology between P-I-P-treated and PBS-treated PVM-infected mice, suggesting that treatment with P-I-P reduces the number and severity of lesions in the lungs following an otherwise lethal PVM infection ([Fig. 6](#fig6){ref-type="fig"}H).Fig. 6Lung pathology of Balb/c mice pre-treated with P-I-P or PBS 24 h prior to intranasal PVM challenge. Four to five mice per group were treated as previously described and infected intranasally with 3000 pfu of PVM. All lung samples were collected on day 6 p.i. Panels A & B represent lung sections at 10× and 20× magnifications, respectively, for the PBS/Medium control group. Panels C & D show lung sections at 10× and 20× magnifications, respectively of mice treated with P-I-P. Panels E to G illustrate lung sections of PBS-treated mice at 10×, 20× and 60× magnifications, respectively. White arrows point to several areas of edema in the tissue, as well as PMNs within this region. Panel H shows the lung histopathology scores given on the basis of the severity and dissemination of the lesions visible in duplicate lung sections. Data are represented as both individual and median values for each group with error bars indicating the interquartile range. \*p \< 0.05.Fig. 6

3.5. P-I-P pre-treatment promotes early upregulation of chemokines, pro-inflammatory cytokines, and interferons, modulating the immune responses to PVM {#sec3.5}
-------------------------------------------------------------------------------------------------------------------------------------------------------

The nature of the immune responses induced by P-I-P after a lethal PVM infection was also examined at the gene and protein level. P-I-P-treated mice showed early upregulation of CCL2, CCL3, CXCL1, CXCL2 and CXCL10 mRNA on day 0 p.i., compared to the PBS-treated animals. This was confirmed for CCL2 and CXCL1 at the protein level. During the next two time points following PVM infection, chemokine expression remained fairly stable and did not change over time ([Fig. 7](#fig7){ref-type="fig"}, [Fig. 8](#fig8){ref-type="fig"} A,B). In contrast, PBS-treated mice expressed increasing amounts of these two chemokine molecules over time ([Fig. 7](#fig7){ref-type="fig"}, [Fig. 8](#fig8){ref-type="fig"}A,B).Fig. 7Heat map of chemokine and cytokine mRNA expression profiles of P-I-P- or PBS-treated Balb/c mice before and after intranasal PVM challenge. Mice were given an intranasal treatment of PBS or P-I-P 24 h before challenge with 3000 pfu PVM. The single-lobed lungs of 5 mice per group were collected on days 0 (prior to infection), 3 and 5 p.i. All Ct values were normalized against β-actin levels of control animals. Normalized fold-change calculations were performed using the 2^−ΔΔCt^ method. Data are shown as the median of five biological replicates.Fig. 7Fig. 8Protein expression levels of chemokine and cytokine genes of P-I-P pre-treated PVM-infected Balb/c mice. Mice were given an intranasal treatment of PBS or P-I-P 24 h before challenge with 3000 pfu PVM. The multi-lobed lungs of 5 mice per group were collected separately for each individual animal on days 0 (prior to infection), 3 and 5 p.i. Protein expression was assayed by electrochemiluminescence-based multiplex ELISAs. Panels A to H represent protein expression data in pg/mL for CCL2, CXCL1, TNF-α, IL-1β, IL-6, total IL-12 (p70), IL-10, and IFN-γ, respectively. Data are shown as individual values representing single animals as well as median with interquartile range of five biological replicates. \*p \< 0.05, \*\*p \< 0.01.Fig. 8

P-I-P-treated animals displayed slightly upregulated mRNA levels for TNF-α, IL-1β, IL-6, IL-12 and IL-10 on day 0 p.i. ([Fig. 7](#fig7){ref-type="fig"}). Similarly, higher cytokine protein concentrations were detected in these mice on day 0 p.i. compared to PBS-treated mice ([Fig. 8](#fig8){ref-type="fig"}C--G). With the exception of IL-10, which increased over time, the P-I-P-treated group continued to have relatively stable cytokine gene and protein expression profiles throughout the remaining days following PVM infection. Conversely, cytokine gene and protein expression profiles of the PBS-treated group were characterized by increasing levels of these molecules over time, with highest overall expression detected on day 5 p.i. Overall, P-I-P-treated mice displayed lower cytokine protein concentrations on day 5 p.i. compared to the PBS-treated animals.

P-I-P-treated animals displayed an earlier expression of type I IFN mRNA compared to PBS-treated mice ([Fig. 7](#fig7){ref-type="fig"}). By day 3 p.i., these mice experienced a significant drop in both IFN-α and IFN-β mRNA levels. In contrast, the PBS-treated animals showed a slightly delayed expression of type I IFNs, with highest IFN-α and IFN-β mRNA expression on days 3 and 5 p.i., respectively. P-I-P-treated mice displayed elevated levels of both IFN-γ mRNA and protein on day 0 p.i., significantly higher than those detected in PBS-treated animals ([Fig. 7](#fig7){ref-type="fig"}, [Fig. 8](#fig8){ref-type="fig"}H). In contrast, in the PBS-treated mice IFN-γ mRNA and protein expression was highest on day 5 p.i.

3.6. P-I-P reduces the influx of neutrophils and eosinophils into the lungs of Balb/c mice during a lethal PVM infection {#sec3.6}
------------------------------------------------------------------------------------------------------------------------

In view of the significant infiltration of PMNs into the lungs of PBS-treated PVM-infected mice, the influx of different innate immune cells into the lungs was measured. P-I-P-treated mice showed increased numbers of alveolar macrophages on day 0 p.i., which peaked on day 3 p.i. ([Fig. 9](#fig9){ref-type="fig"} A). Furthermore, P-I-P treatment mediated early DC influx into the lungs of these mice, with numbers significantly higher than the PBS-treated PVM-infected animals ([Fig. 9](#fig9){ref-type="fig"}B). In P-I-P-treated animals, neutrophil infiltration was characterized by an early transient recruitment into the lungs prior to PVM infection, and after PVM challenge these numbers tended to decrease and level off. In contrast, PBS-treated PVM-infected mice started with low neutrophil counts, and as the infection progressed, these values drastically increased over time ([Fig. 9](#fig9){ref-type="fig"}C). On day 5 p.i., PBS-treated PVM-infected mice had greatly elevated levels of neutrophils in the lungs, suggesting neutrophilia. Eosinophil numbers of PBS-treated PVM-infected mice went up on day 3 p.i., and continued to increase thereafter. However, P-I-P-treated animals displayed very little eosinophil recruitment, similar to that of the PBS/Medium group ([Fig. 9](#fig9){ref-type="fig"}D). Lastly, P-I-P treatment induced recruitment of NK cells into the lungs on day 0 p.i. By days 3 and 5 p.i., NK cell influx decreased, reaching numbers comparable to those in the PBS/Medium group. Interestingly, PBS-treated PVM-challenged mice had delayed NK cell recruitment, with highest numbers on day 5 p.i. ([Fig. 9](#fig9){ref-type="fig"}E).Fig. 9Infiltration of immune cell populations into the lungs of P-I-P pre-treated Balb/c mice on days 0 (prior to infection), 3 and 5 following lethal PVM challenge. Mice were given an intranasal treatment of PBS or P-I-P 24 h prior to challenge with 3000 pfu PVM. The lungs of 3 mice per group were collected, pooled, and processed at the time points indicated. Following physical and chemical digestion of the tissue, single-cell suspensions were acquired. Total numbers of alveolar macrophages (A), DCs (B), neutrophils (C), eosinophils (D), and NK cells (E) in the lungs were analyzed by flow cytometry. Results are presented as cell number x 10^4^ per million cells. Data are shown as the median with range of three technical replicates per cell type assayed. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.Fig. 9

3.7. Weight loss and mortality increase when P-I-P treatment is delivered at earlier time points prior to PVM infection {#sec3.7}
-----------------------------------------------------------------------------------------------------------------------

We further investigated the duration of protection that P-I-P is capable of conferring to mice lethally infected with PVM. Animals treated 3 days prior to infection experienced less than 10% weight loss and 90% survival ([Fig. 10](#fig10){ref-type="fig"} A,B). These mice had low clinical scores for appearance ([Fig. 10](#fig10){ref-type="fig"}C). Mice treated 4, 5 or 6 days prior to challenge had a further gradual increase in weight loss and clinical scores, and lower survival rates ([Fig. 10](#fig10){ref-type="fig"}D--L). Regardless of the day of the treatment, survivor mice of the day -3 and -6 trials were PVM-negative on day 14 p.i. These experiment show that P-I-P still has good activity up to 3 days prior to infection.Fig. 10Percent weight loss, survival and external appearance clinical scores of Balb/c mice treated with P-I-P or PBS 3 days (panels A--C), 4 days (panels D--F), 5 days (panels G--I) and 6 days (panels J--L) prior to intranasal PVM challenge. Mice were given prophylactic intranasal treatment of PBS or P-I-P at the time points indicated above, followed by a 3000 pfu PVM challenge. Animals were weighed and scored daily after treatment and for 14 days following infection. Data for weight loss is represented as the median percentage of the starting weight with error bars indicating the interquartile range. Percent survival rates are expressed as the median percentage of the total number of animals per group during the 14 days following infection. Clinical scores for external appearance are presented as the median value for each group during the entirety of the animal trial. Each experiment was performed twice, with an average of n = 5, and a total number of animals equal to 10 per group.Fig. 10

4. Discussion {#sec4}
=============

In the present study we assessed the potential of a novel immunomodulatory compound, P-I-P, in a PVM disease model as an alternative approach to prevent severe respiratory infections. P-I-P significantly upregulated the expression of genes involved in host defense within the first 24 h p.t. Thereafter, these levels decreased as expected due to their relatively short half-lives. P-I-P prophylaxis at 24 h prior to PVM challenge prevented weight loss and clinical symptoms, reduced lung immunopathology, and conferred complete survival. Additionally, P-I-P was found to be a superior formulation compared to poly(I:C), IDR peptide or PCEP alone (data not shown). P-I-P did not cause any observable adverse effects as evidenced by the absence of clinical signs following treatment. Interestingly, P-I-P mediated a substantial reduction of neutrophil and eosinophil influx during PVM infection, and induced the early recruitment of NK cells and DCs into the lungs. Lastly, the protective effect of P-I-P was maintained if delivered as early as 3 days prior to lethal challenge. Survivor mice were deemed PVM-free on day 14 p.i. This suggests that P-I-P modulation of host immune responses can trigger complete clearance of the virus from the site of infection.

Most immunomodulatory regimes have two major goals: enhance pathogen clearance and suppress undesirable immune responses. With regards to PVM as well as RSV, an effective therapeutic approach should be both antiviral and immunomodulatory in nature ([@bib21], [@bib3]). One group demonstrated this principle for PVM by injecting mice with ribavirin together with CCL3 blockade by either gene-deletion or antibody ([@bib3]). In order to achieve the desired outcomes, two daily doses of ribavirin and a single daily dose of anti-CCL3 antibody were required during a period of 12 days ([@bib3]). As mentioned previously, ribavirin is known to induce toxicity and severe side effects in pediatric patients, discouraging its use in these populations. A few advantages of P-I-P treatment include the fact that it indirectly induces moderate antiviral activity and can down-modulate the levels of chemokines and cytokines such as CCL3, CCL2, CXCL1, TNF-α, and IL-6 during PVM infection.

In the context of respiratory viral infections, alveolar macrophages are key mediators of viral clearance and disease resolution *in vivo* ([@bib27], [@bib15]). One group recently showed that depletion of alveolar macrophages prior to RSV infection resulted in increased virus titers in the lungs, exacerbated disease and lung inflammation ([@bib15]). P-I-P treatment is associated with enhanced viral clearance, reduced immunopathology and higher alveolar macrophage numbers in the lungs during lethal PVM infection. It is likely that the latter event provided P-I-P-treated mice with an advantage, as alveolar macrophages are known to dampen excess inflammatory responses within the lung microenvironment ([@bib20]).

It has been suggested that neutrophils may play an important role in the regulation of local immunity ([@bib7]). One study showed that uncontrolled influx of neutrophils during an active influenza infection leads to severe lung inflammation ([@bib25], [@bib5]). Similarly, prominent granulocyte accumulation in the lungs is a hallmark of PVM infection, which eventually progresses to pulmonary edema and respiratory distress ([@bib4]). In contrast, one group showed that mice depleted from neutrophils before the establishment of influenza A infection resulted in increased morbidity and mortality ([@bib27], [@bib5]). This evidence suggests that neutrophil infiltration, if properly controlled, can be beneficial by reducing disease (i.e. promoting viral clearance). Interestingly, early neutrophil influx was detected in P-I-P-treated mice. While it is possible that the treatment mediates moderate neutrophil recruitment into the lungs by the production of chemo-attractants like CXCL1 and CXCL2, these mice did not show signs of neutrophilia.

We and others showed that NK cell recruitment takes place at later time points during PVM infection ([@bib30], [@bib28]), which is correlated to an increase in lung virus titers, suggesting that the NK cell recruitment occurs too late to be beneficial. Treatment with P-I-P had a direct effect on NK cell infiltration. This formulation mediated the expression of NK cell chemo-attractants in the lung (i.e. CCL2, CCL3, CXCL10). Once within the tissue, these cells are likely to find an optimal environment that supports their activation and autocrine production of IFN-γ ([@bib29]). Consequently, IFN-γ can act directly on alveolar macrophages, leading to their activation and increased phagocytic activity ([@bib22]). The advantage of P-I-P is that these mice had an early local antiviral immune response prior to PVM exposure.

We propose that P-I-P can be used prophylactically for the prevention of RSV infections in high-risk populations like the elderly, who possess immune systems that do not perform optimally due to immune senescence. These individuals could be treated with the P-I-P formulation during outbreaks of RSV or possibly other respiratory infections such that partial immune protection can be provided. P-I-P acts primarily at level of the innate immune system of the host, which allows us to speculate on the possibility of a well-established P-I-P therapy to protect patients from multiple viral infections at once. It would be beneficial if one can protect the most vulnerable populations from major diseases like influenza, coronavirus, and RSV infections as most of these tend to be transmitted through the same route of exposure and during the same seasons. Studies confirming such pleiotropic effect are yet to be performed.
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